Background: During glioma surgery "maximal safe resection" must be the main goal. Intraoperative magnetic resonance imaging (iMRI) associated with awake craniotomy (AC) is a valuable tool to achieve this objective. In this article, AC with a "next-door" iMRI concept is described in a stepwise protocol. Methods: This is a retrospective analysis of 18 patients submitted to AC using iMRI; a stepwise protocol is also discussed. Results: The mean age was 41.7 years. Hemiparesis, aphasia, and seizures were the main initial symptoms of the patients. Sixty-six percent of the tumors were located in the left hemisphere. All tumors were near or within eloquent areas. Fifty-three percent of the cases were glioblastomas multiforme and 47% of the patients had low grade gliomas. The mean surgical time and iMRI time were 4 h 4 min and 30 min, respectively. New resection was performed in 33% after iMRI. Extent of resection (EOR) higher than 95% was possible in 66.7% of the patients. The main reason of EOR lower than 95% was positive mapping of eloquent areas (6 patients). Eighty percent of the patients experienced improvement of their deficits immediately after the surgery or had a stable clinical status whereas 20% had neurological deterioration, however, all of them improved after 30 days. Conclusion: AC associated with "next-door" iMRI is a complex procedure, but if performed using a meticulous technique, it may improve the overall tumor resection and safety of the patients.
borders and the functional areas nearby, which is crucial for a good surgical result. [2, 12, 16, 21, 23] High-field (1.5 T or higher) intraoperative magnetic resonance imaging (iMRI) can improve the extent of resection (EOR). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] There are different concepts of iMRI.
An iMRI set can be placed inside the operative room or can be one door away from the operating room. It can even be transoperative which means that the MRI set is located in another facility and the patient should be transported to perform the exam and return to the operation room right after. Several studies show that maximizing the EOR increases the progression-free and overall survival in both high and low-grade gliomas. [1, 11, 15, 10] When combining these modalities in the same procedure, concerns regarding positioning, surgical room setup, anesthesia, patient's comfort, and tolerability are critical. [16, 17, 22] This article aims to describe the technical nuances of AC associated with "next door" iMRI surgical room. The article also discusses a clinical series of 18 cases using this methodology.
PATIENT AND METHODS

"Next door" intraoperative magnetic resonance imaging concept
An independent MRI facility with a Phillips Ingenia 1.5T MRI machine prepared to receive the surgical table was assembled one door away from the operating room. This MRI system can work independently from the surgical room maximizing cost effectiveness.
Patients and methods
Data from 18 patients diagnosed with low or high-grade gliomas infiltrating eloquent brain areas were reviewed [Graph 1]. The senior author performed all surgeries (MVCM) and the Institutional Review Board at the Sírio-Libanês Hospital approved and reviewed this study.
Prior to the surgery, all patients were informed regarding the steps of the procedure. The tolerability and psychological profile of the patients were carefully analyzed to guarantee the safety of the procedure. Table 1 summarizes information of the 18 patients operated using this approach.
Anesthetic technique, positioning , and craniotomy
AC procedures are usually performed under an asleepawake-asleep (AAA) technique or under sedation. We have been using a slight modification of the AAA technique described by Huncke et al., [20] the asleepawake technique (AA). To induce anesthesia, we administer 50-100 mg of propofol plus 0.1-0.2 μg/kg/min of remifentanil with or without 50 mg of rocuronium. A laryngeal mask (LM) is then inserted and the patient is gently turned to the appropriate position with adequate padding of any bony prominences laying against the mattress of the operating table. After doing this, approximately 40 ml of 0.5% ropivacaine with 1:200,000 epinephrine is used to block sensation in the scalp and forehead. The cutaneous nerves supplying the scalp that are regionally blocked include the greater occipital, lesser occipital, auriculotemporal, zygomaticotemporal, and supraorbital nerves. The head is immobilized using a NORAS head holder connected with the stereotactic frame and the surgical field is prepped and draped. The patient's face should be left uncovered and accessible so the anesthesiologist can manage the airway and the neurophysiologist can apply the neurolinguistics test.
All craniotomy was planned using a neuronavigation system for a tailored craniotomy. During the phase when the patient is sleeping, anesthesia is maintained with propofol and remifentanil (0.05-0.2 μg/kg/min). It is important to use a drug that has a fast metabolism and does not affect electrophysiological monitoring. Ropivacaine 0.5% with epinephrine is also used along the skin incision. After the craniotomy flap is elevated, anesthetic block of the duramater is performed using a 1:1 mixture of 1% lidocaine and 0.25% bupivacaine. Once the dura is opened, the patient is gradually awakened. At this point, all medications are stopped; usually within 20-30 min. The concern regarding analgesia, hemodynamic control, nausea and vomiting, and seizures guide the anesthesiologist's actions during this phase. If the patient becomes uncomfortable during the resection, remifentanil (0.02 μg/kg/min) is restarted. Under sedation, ventilation failure, CO 2 retention, and brain swelling are also a concern.
After tumor resection, we no longer induce new anesthesia. The patient is kept awake during the rest of the procedure (iMRI and closure). All the principles Graph 1: Histology of the tumors submitted to surgical resection using the next-door iMRI of the "awake" phase are followed in this step. An easy and accessible route to the patient is essential in case the anesthesiologist needs to protect the patient's airway with an LM [ Figure 1 ]. The supplementary video (www.surgicalneurologyinternational.com/video/ sni_195_16_vid1.mp4) shows an illustrative case of the described technique.
Electrophysiological monitoring and surgical technique
When indicated, cortical grid and monopolar stimulation are used to identify the motor and sensitive cortex [ Figure 2 ]. If the patient has refractive issues and needs to use corrective lenses, a stalk of the glasses is removed from the same side of the craniotomy allowing the patient to see the figures used during the neurolinguistic tests. In the next phase, he is asked to perform verbal and visual tasks to facilitate identification of speech areas during stimulation. Any speech hesitation, dysnomia, and speech arrest when stimulating the cortex is indicative of speech-related area, and thus preservation is desirable.
To localize the primary language and motor cortex, electrical stimulation is applied in increments of 1 mA, starting at 0.5 mA; a cortical area is considered eloquent if a motor response or twitch is generated or language errors are made consistently on at least two separate trials. No cortical site is stimulated twice in succession. Multiple sites close to one another are chosen on the cortex exposed by the craniotomy. Usually, 4-6 mA is the maximum stimulus needed to localize the language center, whereas up to 10 mA is needed to localize the motor cortex. Subcortical stimulation is performed with a monopolar probe stimulator at 500 Hz and duration of 0.5 ms, with currents ranging from 2 to 20 mA.
When language areas are identified, the resection margin stays 1-2 cm away from these cortical areas. Regarding primary motor and sensory regions, the resection margin is taken up to 0.5 cm away. The resection is stopped if speech function deteriorates but restarts if full recovery occurs within 5 min. Cold saline solution is used to abort any seizure during neurostimulation or tumor removal. Once the resection is completed as safely as possible, the patient is prepared for the "next-door" iMRI.
Intraoperative magnetic resonance imaging technique, patient transport, and new resection
After initial resection and meticulous hemostasis is obtained, the surgical bed is filled with wet gelfoam to secure the edges in place and surgical cavity open. No hemostatic agent is used which can be confused with residual tumor. After that, the dura and skin incision is partially approximated. The wound is sterile draped, the Noras-MRI head system is assembled, and the head is sealed in a sterile bag. All electrophysiological monitoring (EPM) needles are removed from the patient. Supplementary oxygen is offered to the patient, which is kept under light sedation with dexmethomedine or propofol. The "next-door" MRI is kept waiting and prepared for the patient after proper cleaning of the facility. A rolling table is used to move the patient from the operating table to the transporting stretcher and then to the MRI table [ Figure 3 ].
All devices not allowed to enter in the MRI room should be removed from the patient and a trained nurse completes a check-list during this step. The iMRI sequences for gliomas typically consist of axial images with T1 weighting obtained both pre and post-administration of gadolinium and T2 weighting, as well as any other sequences or planes of section that the surgeon and neuroradiologist deem appropriate. The most pertinent sequences such as a T1 postcontrast sequence for an enhancing malignant glioma or a T2/flair sequences for nonenhancing low-grade gliomas are acquired as 1-mm nonoverlapping contiguous slices. Consultation with the neuroradiologists is important to review the findings of the iMRI.
If any residual tumor is identified on the iMRI and is amenable for resection (not in proximity to eloquent cortical or subcortical areas), preparation for further resection is done. Important iMRI sequences are reloaded into the software of the frameless stereotactic surgical navigation system and co-registered with the preoperative surgical navigation MRIs that were used before the start of the surgery. The route back to operative room is done as well as the removal of Noras-MRI head system. The drapes that were placed before the iMRI are removed and new ones are used. Scalp retraction is re-established. Using the surgical navigation, the suspicious areas are inspected and further resection is performed. If the surgeon thinks that additional iMRI visualization would be informative, a second iMRI could be obtained; however, typically, we have not found this necessary because the areas of residual tumor are small and well localized. When possible, any additional specimens removed after the iMRI are sent as separate pathological specimens so that we can identify the pathological nature of any additional tissue removed. When the surgeon feels that the resection is completed, the craniotomy is closed in the usual fashion.
RESULTS
Patients and tumor characteristics
The mean age of the patients submitted to this type of surgery was 42.5 years, ranging from 29 to 57 years. Sixty-six percent of the patients were males and 33.3% females. All cases presented with neurological symptoms such as seizure, hemiparesis, aphasia, and headache. Graph 1 shows the distribution between the different tumor types encountered in this case series. 
Relationship between anatomical location and eloquent areas
Seventy-two percent of the patients had tumors located in the left hemisphere; none was bifrontal. Sixty-seven percent of the tumors were located in the frontal lobe or frontoinsular portion of the brain, and 33.3% in the temporal lobe or tempoparietal portion of the brain. In all patients, eloquent areas were infiltrated by the tumor, and in all patients more than one eloquent region was affected such as Broca area, Wernick area, motor area, superior longitudinal fascicle, inferior fronto-occipital fascicle, uncinate fascicle, and corticospinal tract [ Figure 4 ].
Surgical time and intraoperative magnetic resonance imaging time
The mean surgical time was 4.72 ± 0.75 hours, ranging from 4 to 6 hours. The iMRI time was 30.5 ± 9.2 min, ranging from 20 to 50 min depending on the number of series acquired.
New resection after intraoperative magnetic resonance imaging and extent of resection higher than 95%
In 38.9% of the patients, new resections were needed after iMRI because residual tumor was noticed and considered removable. All patients were kept awake during this phase of the surgery. Resection rate higher than 95% of the initial tumor was achieved in 66.7% of the cases.
Intraoperative magnetic resonance imaging and the extent of resection
In the group that achieved more than 95% resection rate, the iMRI was found to be helpful in 33.3% of the cases.
Resections lower than 95%
In all 6 patients in whom the resection rate was lower than 95%, the reason was positive cortical-subcortical functional stimulation, speech arrest, or transitory muscular weakness.
Infections and stay in the hospital
The mean duration that patients stayed in the hospital was for 4.1 days, and no infections were noticed (even during the follow up).
Neurological status
In this series, 33.3% of the cases experienced neurological improvement after the surgery and 46.7% remained with their neurological status unchanged. Twenty percent of the patients had a worsening of the immediate neurological status, however, all of them returned to their basal clinical status after 30 postoperative days.
DISCUSSION
In this article, we discuss our series of 18 patients who underwent glioma resection in eloquent areas using the sleep-awake technique combined with multimodal electrophysiological monitoring and "next door" iMRI.
Using the principles of minimally invasive surgery, with tailored craniotomy and tumor resection respecting pial planes, the surgical time (mean: 4.76 hours) and blood loss are diminished. This permits the patient to be kept awake during two-thirds of the procedure, including the iMRI exam that usually is performed with the patient under light sedation. Normally, we try to perform limited radiological study, with four main sequences in the majority of the cases (T1, T2, flair, and T1 post contrast). The 1.5-T iMRI provides good imaging quality and is a useful tool during the resection of tumors within eloquent brain areas, however, the use of MRI with such strong field in the operating facility can be danger because of the permanent magnetic attraction, and precautions must be taken to prevent projectile effect. [17, 22] By separating the two rooms (the operation room and the MRI room) but keeping them close and functioning independently, a cost-effective solution is permitted because maximizing the use of the 1.5-T MRI system in order to perform exams for in and outpatients can self-pay the investment of such a facility.
From our viewpoint, a surgery that follows a stepwise protocol is important in the postoperative period. All patients went fully awake in the intensive therapy unit where normally patients stay for one night, receivinh hospital discharge in approximately 4.1 days. In addition, no infection was noticed during the follow-up of these patients. In one case after a seizure with brain swelling, the patient required longer rehabilitation during the hospital stay (14 days), fully recovering during this period.
Preoperatively, all cases presented with symptomatic gliomas in eloquent areas. It was noticed that 38.9% improved immediately after surgery. Patients who experienced postoperative worsening had neurological recovery to their basal status within 30 days. In this study, iMRI was shown to be important in the amount of tumor resection in 33.3% of the cases because resectable residual tumor was noticed in the exam. In all cases, the patients remained awake providing continuous neurological monitoring. In cases where gross total resection was not possible (6 cases), the main causes were positive stimulation and speech arrest. Even if the iMRI showed residual tumor, it was not resectable. Transport to the "next door" iMRI was quick and did not add morbidity risk to the patients.
Although transport to a nonsterile room can be a critical point, adequate sterile draping of the wound and the patient proved to be safe because no patient showed signs of infection, even during the follow up.
The combination of AC and iMRI improved the chances of obtaining "maximal safe resection." This technique proved to be safe and useful even for high-grade gliomas, which used to be associated with worse results during AC, allowing the removal of enhanced areas in a safe manner. Some authors do not suggest AC for high grade gliomas, however, in our view, the maximal safe resection concept can also be applied for this group of patient. The combination of AC and iMRI in this small group of patients who were properly selected had similar results regarding effectiveness and safety compared with low grade gliomas.
Future studies comparing AC or iMRI used in isolation with this combined technique should be done.
CONCLUSION
The goal of glioma surgery is maximal safe resection. Combining the techniques of AC and "next door" iMRI in a step-by-step protocol proved to be a useful tool to achieve aggressiveness in glioma resection in a safe manner, preserving the quality of life.
Declaration of patient consent
The authors certify that they have obtained all appropriate patient consent forms. In the form the patient(s) has/have given his/her/their consent for his/her/ their images and other clinical information to be reported in the journal. The patients understand that their names and initials will not be published and due efforts will be made to conceal their identity, but anonymity cannot be guaranteed.
Financial support and sponsorship
Nil.
